Design and development of a high power, low saturation voltage silicon switching transistor  Quarterly report by Stonebraker, E. R.
. 
I 
Westinghouse E l e c t r i c  Corporation 
Semiconductor Division 
Youngwood, Pennsylvania 15697 
Prepared by: 
Ernest R. Stonebraker 
COMlRACT NO. JPL-952043 
DESIGN AND DEVELOPMENT OF A HIGH POWER, 
LOW SATURATION VOLTAGE 
SILICON SWITCHING TRANSISTOR 
Quarterly Report No. 1 
Issued October 1967 
This work was performed f o r  the J e t  Propulsion Laboratory, Cal i forn ia  
I n s t i t u t e  of Technology, sponsored by t h e  National Aeronautics and 
Space Administration under Contract NAS7-100. 
1 
https://ntrs.nasa.gov/search.jsp?R=19670030900 2020-03-16T16:47:34+00:00Z
' r o  , 
ABSTRACT 
Following the  development of a s i l i c o n  t r a n s i s t o r  with 0.2V s a t u r a t i o n  
drop a t  the  r a t e  of 7 5 4  the  present e f f o r t  i s  t o  a t t a i n  a design goal 
of 0.1V under the  same conditions. 
and two methods of generating the symmetrical junct ion design f o r  low 
s a t u r a t i o n  vol tage a re  described. 
des ign  has been completed and r e s u l t s  are presented. 
f o r  experimental work a re  reported. 
The use of s ing le  chip, t h i n  s i l i c o n  
The computer optimized topographical 
Mater ia ls  acquired 
I 
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I. INTRODUCTION 
During 1966 and ea r ly  1967 Westinghouse developed a t r a n s i s t o r  w i t h  0.2V 
sa tu ra t ion  d r o p - a t  75A under J e t  Propulsion Laboratory Contract No. 
JPL-951303. 
t r a n s i s t o r  with a sa tu ra t ion  voltage of 0.1V a t  75A co l l ec to r  current .  
This i s  the  objec t  of t h e  present e f f o r t  with a design goal of .07V. 
Theoret ical  considerations ind ica t e  the f e a s i b i l i t y  of a 
Generally the determinant f ac to r  for  l o w  VCE(sat) i s  t o  operate the t ran-  
s i s t o r  with as l a w  a current  density as i s  p r a c t i c a l  comnensurate with 
the  s i z e  of s i l i c o n  material. While i t  is  possible  t o  increase the t o t a l  
emitter periphery length or  t o  p a r a l l e l  a number of t r a n s i s t o r s  f o r  
reducing the  cur ren t  densi ty  and thereby the sa tu ra t ion  voltage, i t  appears 
more valuable  t o  advance the s ta te -of - the-ar t  by f u l l y  u t i l i z i n g  the device 
theory of cont ro l l ing  the lateral d i s t r i b u t i o n  of curren t  densi ty  i n  both 
emitter-base and col lector-base junctions. 
With the  latest  development of t h i n  c rys t a l s ,  i t  appears t heo re t i ca l ly  
j u s t i f i a b l e  t o  extend the  present ly  successful  simultaneous-diffused (SDT) 
process. The use of t h i n  c r y s t a l  w i l l  permit s teeper  concentration 
gradien ts  i n  both the emitter and co l l ec to r  regions thereby increasing the 
i n j e c t i o n  e f f ic iency .  The t h i n  c rys t a l  w i l l  a l s o  minimize any possible  
i n t e r n a l  series res i s tance  i n  the  emi t te r  and co l l ec to r  regions. Whereas 
processing s t e p s  are w e l l  defined, improved handling techniques and process 
refinements are required t o  minimize breakage. 
t h i n  wafers has shown t h a t  breakage is  the  major y i e l d  de t rac tor .  
a l s o  known t h a t  the  incidence of breakage i s  r e l a t e d  t o  the number and/or 
type of processing s t eps  employed. Obviously, the  number of high tempera- 
t u r e  operations should be minimized. Since the previously developed 
Experience w i t h  r e l a t i v e l y  
It i s  
(1) T. C. New, P. J. Kannam, F. G. Ernick and P. M. Kisinko, "High Power, 
Low Satura t ion  Voltage, Switching Transis tors ,"  presented a t  1966 
In t e rna t iona l  Electron Devices Meeting i n  Washington, D.C. (Credit  due 
t o  JPL sponsorship.). 
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s ingle-d i f fused  process requi res  deep d i f fus ions  t o  obta in  r e l a t i v e l y  
narrow base widths, i t  i s  des i r ab le  t o  use a "strong" N-type d i f fus ion  
source such a s  amnonium phosphate. Whereas, amnonium phosphate does 
y i e l d  deep, high concentration diffusions,  i t  i s  incompatible w i t h  planar 
technology s ince  i t  i s  not masked e f f ec t ive ly  by conventional oxides. It 
i s  convenient, therefore ,  t o  employ mesa etching techniques i n  conjunction 
w i t h  the amonium phosphate diffusions.  
caused by mesa etching w i l l  weaken the s t ruc tu re  and enhance the p o s s i b i l i t y  
of breakage through subsequent processing. 
However physical  deformation 
Therefore planar technology with ex i s t ing  phosphorous oxychloride d i f fu -  
s ions  w i l l  be used f o r  the  t h i n w a f e r  approach. 
i s  shown i n  Figure 1, Page 6 . 
The flow f o r  t h i s  process 
A second considerat ion f o r  designing a t r a n s i s t o r  with low sa tu ra t ion  
vol tage  involves the e f f e c t  of current  crawding a t  the  emi t te r  edge. 
con t ro l l i ng  the co l l ec to r  gemet ry  such t h a t  t h e  co l l ec to r  region d i r e c t l y  
under the emi t te r  i s  i d e n t i c a l  t o  the emi t te r  geometry, the  gradient  i n  
the  base under high i n j e c t i o n  should assume the bes t  symnetry. 
cu r ren t  d i s t r i b u t i o n s  and the voltage drops across  both the  emitter-base 
and the  col lector-base junct ions would a l s o  be similar. Thus, the d i f f e r -  
ence of the  two voltages  which determines the VCE(sat) would be minimized. 
By 
Thereby t h e  
Two d i f f e r e n t  processes a re  being invest igated and implemented i n  order 
t o  achieve the des i red  co l l ec to r  geometry. 
The e p i t a x i a l  s e l e c t i v e  co l l ec to r  type w i l l  incorporate  a s e l e c t i v e  a rsen ic  
d i f f u s i o n  p r io r  t o  e p i t a x i a l  growth. The des i red  corss-sect ional  s t r u c t u r e  
i s  shown below. 
t 
THIN WAFER PROCESS 
S t a r t i n g  Material 
20 ohm-cm P-type S i  
2 .0  + .OS mile  t h i c k  
Oxidation 
Thlckneoe 7,0001 
E m i t t e r  and Photomaaking 
Def ine8 c m i  t ter region 
p-1 Final Drive and Slow Cool 
P /  / I  
Mo 1 y bdcnum Mount I n g  
Ag Solder 
/ /  /JW / f  
i 
Contact Evaporation 
AI -3oKA 
FIGURE 1 
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This w i l l  provide geometrically symmetrical emi t t e r - co l l ec to r  p r o f i l e s .  
It i s  necessary t o  employ a r sen ic  (or antimony) r a t h e r  than phosphorous 
as the  subcol lec tor  d i f fusan t  i n  order t o  minimize autodoping. 
It i s  poss ib le  t h a t  the  concentrat ion s t e p  i n  the co l l ec to r  may not be 
sharp enough t o  provide the  des i red  e f f e c t .  
would be caused by outd i f fus ion  from the  subs t r a t e  a s  wel l  as from the  
a r sen ic  depos i t  and from the f a c t  t h a t  i t  i s  d i f f i c u l t  t o  achieve a r sen ic  
concentrat ions much more than a f a c t o r  of 10 o r  20 times g rea t e r  than the 
concentrat ion of the N-type subs t ra te .  However, should the experimental 
r e s u l t s  so ind ica te ,  the  problem may be a l l e v i a t e d  with a mul t ip le  e p i t a x i a l  
growth technique. 
This l ack  of sharpness 
A second s e l e c t i v e  c o l l e c t o r  method i s  also being implemented t o  achieve 
the  d i f fused  s t r u c t u r e  by double-sided s e l e c t i v e  d i f fus ion  a s  shown i n  
the  following s t ruc tu re .  
k* l4t  
N+ s 1 N' I P 
tN' 4. G \ l e c h v  
Hmever, i t  requi res  a double-sided alignment of masks f o r  pho to res i s t  
operat ion.  
ava i lab le .  
alignment machine which provides front-to-back alignment v i a  in f r a red  
transmission. 
Another p o s s i b i l i t y  with l e s s  prec is ion  involves the  use of a f i x t u r e  which 
has mechanical s tops  and photographically imprinted indices .  
i n g  sequence f o r  the  symnetrically d i f fused  type i s  shown i n  Figure 2, 
Page 8 .  
Several methods of achieving the  double-sided alignment a r e  
To insure  proper precision, i t  i s  necessary t o  acquire  a new 
This machine should a l s o  provide exposure on e i t h e r  s ide .  
The process- 
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Mo 1 y bde num 
SYMMETHI C ALLY DI FFUS ED TRANS I STOH 
Sta r t  i ng Materia 1 
20 ohm-cm P-type 
5-6 mile thick 
N+ Deposit 
Emitter and co l l ec to r  
X) a 5.0 - 6.01, 
* -1.0 ohm/o ps 
E m i  t ter-Collector  Masks 
Define emitter and 
c o l  l ec tor  geme t r i e s 
Sil icon Etch 
Remove I’4+ region from baee 
Depth -4.6 m i l  
* Drive 
xI1 -1*5 
Collector Lapping 
Provide planar mounting surface 
Collector t? Diffusion 
Provide N+ Collector Surface 
Molybdenum Mounting 
Ag solder 
Contact Evaporation 
A 1  -3OKA 
FIGURE 2 
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11. PROGRESS FOR THE CURRENI: QUARTER 
A. MATERIALS AND PROCESSIZ 
S i l i con  s t a r t i n g  mater ia l s  have been received f o r  the var ious approaches 
described i n  t h e  previous sect ion.  Evaluations of the  mater ia l s  f o r  the 
t h i n  wafer approach and the symmetrically diffused,  s e l e c t i v e  co l l ec to r  
approach are l i s t e d  i n  Figure 3, Page 10, and Figure 4, Page 11. 
Material f o r  the e p i t a x i a l  s e l ec t ive  co l l ec to r  is N-type, .01 ohm-cm 
material. The a rsenic  f l o a t i n g  co l lec tor  d i f fus ion  i s  being done a s  
comnonly pract iced i n  the f ab r i ca t ion  of in tegra ted  c i r c u i t s .  
parameters f o r  the a rsen ic  d i f fus ion  a re  a d i f f u s i o n  depth of 8 microns and 
a sur face  concentrat ion of 1.8 x lo1’ a tans  per  cm . 
The t a r g e t  
3 
B. G E m T R Y  AND MASK DESIGN 
The geanetry which w i l l  be used i n i t i a l l y  f o r  these s tud ie s  i s  the  sunburst  
design u t i l i z e d  e a r l i e r  i n  the  Contract No. JPL-951303. 
bu r s t  geometry has been designed, which has the  fal lawing fea tures :  
An improved sun- 
1. .Increased aluminum width on emitter f inge r s  
2. Larger contact  areas  f o r  both emi t te r  and base 
3. Alignment marks t o  a i d  i n  r e g i s t r a t i o n  of the contact  mask 
4. Increased emi t t e r  edge length r e su l t i ng  f r &  opt imizat ion 
techniques described below 
The optimum dimensions f o r  a sunburst design are not immediately obvious. 
For a given t r a n s i s t o r  diameter, the emitter edge length is  determined 
pr imar i ly  by the  rad ius  of the  cent ra l  base dot,  s ince  t h i s  dimension 
determines both the  number and the length of the  f ingers .  The number of 
f i n g e r s  decreases with decreasing base dot  radius ,  but the  length of the 
f i n g e r s  increases .  
as follows: (Page 12) 
Therefore there  i s  an  optimum radius,  which i s  derived 
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SILICON EVALUATION 
TO E. R. Stonebraker P. 0. NO. 31L-21157 
suppl i e r  
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Department Trans is tor  Engineerinp 
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Gradient 10 -3% 
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L. H. Weitzman 
FIGURE 3 
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2n Ri 
N = -  w + s  
where N = the  number of f inge r s  
= t h e ~ r a d i u s  of the base dot 
= the width of the base f ingers  
= the  spacing between base f inge r s  a t  the edge of the  base dot  
Ri 
w 
s 
E 2N(R0 - Ri) (2) 
where E = the  emitter edge length 
R = the  rad ius  of the c i r c l e  defined by the  outer  ends 
of t h e  base f ingers  
(This equat ion i s  an approximation because the  contr ibut ions of t h e  .ends 
of the  f inge r s  a r e  neglected.) 
Subs t i tu t ing  Equation 1 i n  2, 
2 4rr Ri (Ro - Ri) = * ( R R  - R i )  w + s  w + s  i o  E =  
d i f f e r e n t i a t i n g  
- 2Ri) dE 4% dRi w + s ‘Ro -P- 
for Emax, l e t  - dE P O  
dRi 
giv ing  the f i n a l  r e s u l t  
RO 
Ri(max) 2 
P -  
12 
, 
It can be seen t h a t  f o r  t h i s  ideal ized case,  the optimum base dot radius  
i s  one-half the radius  defined by the ends of the base f ingers  and i s  
independent of w and s. 
A useful  equation f o r  approximating the maximum emit ter  edge length is: 
2 
“RO E 3- 
max w + s  
While the re la t ionships  derived above a re  useful  i n  designing sunburst 
geometries, they have shortcomings, namely: 
1. 
2. 
They do not demand an in t eg ra l  number of f ingers .  
The inclusion of rounded t i p s  on the  f ingers  may s h i f t  
the optimum Ri s l i g h t l y .  
A program has been wr i t t en  using an IBM QUIKTRAN time-sharing computer i n  
order t o  overcome the  shortcomings l i s t e d  above and t o  speed up the design 
process. The program operates roughly as follows: 
1. The user  en te r s  the width of the base f ingers ,  the spacing 
between base f ingers  a t  the base dot ,  and the  radius defined 
by the t i p s  of the base f ingers .  
general ly  f ixed by the  t r ans i s to r  package, photofabrication 
capab i l i t i e s ,  and base f inger  res is tances .  
The computer ca lcu la tes  optimum emi t te r  edge length (including 
the contr ibut ions by the ends of the f ingers ) .  
includes the number of f ingers ,  the base dot  radius,  emit ter  
edge length, and the angle between f ingers .  
The program o f fe r s  the user  the option of changing the number 
of f inge r s  and/or the base dot radius,  and ca lcu la tes  new 
dimensions where appropriate. 
These quan t i t i e s  a r e  
2. 
The pr int-out  
3 .  
The computer pr int-out  of the calculat ions f o r  the redesigned geometry is  
shown i n  Figure 5, Page 14. 
Page 15. 
A sketch of t h i s  geometry appears i n  Figure 6 ,  
The s ign i f i can t  improvements of t h i s  design include: 
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COMPUTER PRINT-OUT 
START(0)  
ENTER W I  DTti, SPAC 1 NC,, OUTS I DE RADI  US 
. 0 1 4 / . 0 0 5 / . 3 4 9  . 
NUMDER R A D I  US EDGE ANGLE SPACING 
GO.0 0 . 1 8 1 4 3 7  2 1 . 8 9 5  6 . 0 0 0  0 . 0 0 5 0 0 0  
TO CIHANGE N, START 100;  I? ,  START 110;  Pd AND R, START 1 2 0 .  
START(120)  
ENTER NUMBER, I N S I D E  RADIUS 
G 0 . / . 1 8 1  
NOTE...SPACING IS SMALLER THAN O R I G I N A L  VALUE 
NUMBER RADIUS EDGE ANGLE SPACING 
6 0 . 0  0 . 1 8 1 0 0 0  2 1 . 9 4 6  6 . 0 0 0  0 . 0 0 4 9 5 4  
FIGURE 5 
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i z 
Y 
A 
TRANSISTOR GEOMETRY 
FIGURE 6 
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1. Emitter edge length increased from 17.4 inches t o  21.9 inches. 
2. Emitter contact region width increased from .040 inches t o  
.060 inches. 
3. Base contact region diameter increased f r a n  ,242 inches t o  
.349 inches. 
4. E m i t t e r  meta l l iza t ion  canes within .002 inches of emi t te r  edge 
ins tead  of .004 inches, giving s l i g h t l y  lower res i s tance  along 
an emi t te r  f inger .  This is  accomplished w i t h  no decrease i n  
r e g i s t r a t i o n  tolerance s ince the  ac tua l  tolerance i s  the d is tance  
between the base f i n g e r  and the  l a t e r a l  d i f fus ion  from the emit ter .  
5. The e f f e c t i v e  res i s tance  of the base f inge r s  has been reduced t o  
less than half  the o r ig ina l  value s ince t h e  f inge r s  a re  sho r t e r  
(reduced from .236 t o  .1805 inches) and more numerous (increased 
from 36 t o  60). 
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111. PROGRAM FOR THE NEXT PERIOD 
Trans is tors  w i l l  be fabr ica ted  by the three  approaches described i n  the 
introduct ion.  
handling techniques. 
used t o  minimize the generat ion of stress poin ts  which may induce breakage. 
Emphasis i n  the  t h i n  wafer approach w i l l  be placed upon 
P l a s t i c  tweezers and Bernoulli  pickups w i l l  be 
A mask alignment f i x t u r e  is being acquired which w i l l  permit: 
1. 
2. Back-side alignment by the u s e  of i n f r a red  i l lumina t ion  
Simultaneous double-sided exposure through prealigned masks 
through the  s l i c e .  
This equipment w i l l  be used f o r  the  symmetrically d i f fused ,  s e l ec t ive  
co l l ec to r  approach. 
I n i t i a l  work on a l l  th ree  approaches will u t i l i z e  the geometry employed 
e a r l i e r  i n  the Contract No. JPL-951303 u n t i l  masks w i t h  the redesigned 
geometry a r e  ava i lab le .  
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